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. ABSTRACT / “ -
n
- The Air Force has a requirement for a high accuracy Helium-Neon

Ring Laser Gyro (RLG) and a high accuracy clock. The author has
devised a method (patent applied for) whereby a multi-oscillator RLG
can be used simultaneously as a gyro and as a clock. The device uses
a multi-frequency laser oscillator with an auxiliary detector to sense
a 583 MHz beat frequency and necessary electronics to produce a 5 MHz
clock signal. The experiment was conducted at the Sudbury, Massach-
usetts plant of Raytheon Corporation. The square root of the Allan
variance was measured for several different sample times. The best
data obtained, for the given times, was 4.6 X 10710

£10 11 -19

0"~ for 10 mseg, 8.7 X (107" for 0.1sec, 1.6 X 107" for
1 sec, 4.5 X A6;}0 for 10 sec, and 4.8 X 4072 for 10? sec. The

for 1 msec, 3.4

- data was quantum Tlimited from 1 msec to 200 msec. The long-term
2_ degradation was caused by a drift in the Faraday rotator. A method
&
3 for correcting the Faraday rotator drift is suggested. r )
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I STATEMENT OF PROBLEM

A current Air Force problem is to provide high accuracy timing
for fighter aircraft. The clock must operate between -50°C and +75°C
with intermittent temperatures to +95°C. The clock must also operate
under a 6g load during an aircraft maneuver and up to a 10g maximum
load for vibration. Current timing sources are heated to above +75°C
so that the clock can use the environment as a heat sink. To achieve
this temperature the clocks must first be warmed up and then allowed
to stabilize. The proccess of thermal stablization needs to be reduced
or elminated because aircraft cannot set on the runway while waiting
for the clock to stablize. Another consideration is the cost, which is
$40,000 for an aircraft grade Cesium atomic clock. The Air Force has
requirements for high accuracy clocks that do not degrade under
acceleration and have a lower unit system cost.

Ring laser gyros are now being developed for use in fighter
aircraft. The ideal solution to the above stated problem is an
adaptation of a ring laser gyro to provide both a clock frequency for
timing and information for navigation.

The purpose of this thesis is to demonstrate the feasibility of
using a multi-frequency ring laser to provide timing information while

operating as a laser gyroscope.
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IT INTRODUCTION

Certain military applications (such as bi-static radar, secure/-
anti-jam communications, and aircraft identification avionics) requir-
e high accuracy timing sources. Current high accuracy timing sources
need to be improved in the following areas: accuracy under accelerat-
ion, reductions in volume, weight, power consumption, acquisition
cost, life cycle cost, and warm-up time.

One possible solution is the use of ring laser gyros, since these
devices will be used in future military aircraft for rotation rate
sensing. The advantages of the laser approach are smaller size, fast
warm-up, low sensitivity to g loads, and reduced cost. The laser
provides the timing frequency for the laser clock. The only addition-
al requirement is the detection and output electronics. The electron-
ics tested had a volume five (5) times smaller than a miniature
rubidium oscillator. The additional volume can be reduced by replac-
ing the clock present in the inertial measurement unit. Proper packag-
ing and miniature electronic components will further reduce size.
Power for the clock can be provided through the inertial measurement
unit and will not require a separate source. The estimated additional
cost of clock electronics is approximately $2,000.00. This would
reduce acquisition cost by a factor of twenty.

The scope of this effort is both theoretical and experimental
with the key issue being the laser clock accuracy. Laser clock
accuracy is determined by the stability of the optical path length and

the theoretical section will cover the error sources that lead to
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instability in the optical path length. The practical areas of clock
operation will be included in this section. The experimental section
will cover frequency stability measurements, the experiment performed,
the result obtained, and a comparison of results. The effort was not
to reach any predetermined performance level but to establish
feasibility and determine the laser clock performance capability.

The background section covers quartz oscillators, atomic clocks,
the hydrogen maser, linear lasers, and ring laser gyros. The theory
section covers rate equations, linewidths, multi-mode operations,
Faraday rotator, dispersion, clock operation, recommended clock/gyro
operation, and a recommended method of tuning/setting. The experiment
section covers the clock electronics, the experiment setup, and a
summary of events. The results section includes test results, error
analysis, and potential error sources. Finally, the conclusions and

recommendations for further work are presented.
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IIT REVIEW OF PRECISE CLOCKS AND STABILIZED LASERS

The background information will be covered in two sections. The
clocks section covers the quartz oscillator, the rubidium atomic
clock, the cesium atomic clock, and the hydrogen maser clock. The
lasers section describes stabilized 1linear and ring laser gyro
technology.

CLOCKS

Clocks interface with other devices by providing a constant
frequency output. There are two classes of clocks. The first class
includes atomic clocks and hydrogen masers, which are stabilized by
electronic circuitry to a very narrow atomic transition. These are
known as frequency standards because they have the same frequency
every time they restart due to the stability of the atomic transition.
The second class includes quartz oscillators and the laser clock,
which are not stabilized to an atomic transition. These are known as
transfer frequency standards because they must be set to an external
standard after a cold start. The Q of the clock's resonator is given
on each figure as the individual clock types are discussed. As Q
increases the resonator's 1linewidth decreases and the resonator's
ability to store energy increases. A more detailed discussion of Q is
given in Chapter IV,

The standard method to characterize frequency stability in the
time domain was established in 1971 by the Subcommittee on Frequency
Stability of the Technical Committee on Frequency and Time of the IEEE

Group on Instrumentation and Measurement (Ref 1: 105). The frequency
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stability is expressed by the normalized root mean square of the
difference between adjacent pairs of frequency measurements. An
estimate of the two-sample standard deviation, oy(r), the square

root of the Allan variance, is given by

3
m 2
o (1) = 1 g (8f 4y - 8F) (1a)
Y v k=1 2m
C
af, = Aoy (1b)
2t

where Ve is the normal clock frequency, t is the integration time,

Ay is the integrated phase error, Afk is the kth measurement
of frequency, and m is the number of data pairs (Ref 1: 105).
QUARTZ CLOCK

A quartz clock uses the piezo-electric property of a quartz

crystal oscillator. When a quartz crystal vibrates, a difference of
electric potential is produced between two of its faces (Ref 2: 192).
When a resonant circuit is used with a quartz crystal, the circuit and
the oscillator operate at the same frequency. The resonant frequency
of a quartz oscillator drifts with a change in temperature. This
drift must be corrected if high accuracy is required. A typical

temperature compensation circuit, which approximately corrects the

temperature dependent frequency drift, is shown in Figure 1.
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The advantages of quartz oscillators are their small size, light
weight, and ruggedness. Quartz oscillators are also inexpensive when
compared to atomic clocks. The disadvantage of quartz oscillators is
their requirement for temperature compensation, which becomes an
increasingly difficult task as the level of accuracy increases. Their
output must also be corrected for acceleration effects when used on an
accelerating platform (Ref 4). For a comparison of size and other
data, see Table I; and for a comparison of accuracy, see Figure 2.
Figure 2 is a plot of the square root of the Allan variance as a
function of measurement time in seconds. A value of 1 x 10'10 for
the square root of the Allan variance represents an accuracy of 1 sec
in 318 years. The short term accuracy of a typical atomic clock

improves as time increases, through the relationship r'%.

We see
from Figure 2 that for 100 second measurement times, the most accurate

clock is the hydrogen maser and the least accurate clock is the quartz

clock.
Table I.
COMPARISON OF CLOCKS

VOL  WEIGHT  POMER WARM-UP  PRICE  REF

x103 M3 kg Watts TIME(Min) X$1,000
QUARTZ 22 .31 2 10 1 6
RUBIDIUM 23.5 13.5  15.4 60 13.5 (Base) 6
CESIUM 8.2 22.7 48 20 26.0 (Base) 6
SMALL H MASER 100 45 20 NO DATA  NO DATA &
LARGE H MASER 1000 200 30-100 NO DATA 100 5
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ATOMIC CLOCKS

An atomic clock is a quartz oscillator whose frequency is stabil-
ized with the aid of an atomic absorption line. The atomic frequency
in the case of rubidium is the 6,834 Mhz ground-state hyperfine
transition and in the case of cesium is the 9,192 Miz ground-state
transition. This transition is due to a spin flip of the electron. The
atom is in the lowest state when the electron magnetic moment is
aligned anti-parallel with the nuclear magnetic field. The frequency
of the photon needed to change the alignment to parallel is 6834 MHz
in the case of rubidium. Atomic clocks consist of a cesium or rubidium
cell, a quartz oscillator, and supporting electronics. They combine
the short term stability of the quartz oscillator and the long term
stability of the atomic absorption line.

The rubidium atomic clock schematic is shown in Figure 3A. The
output of the voltage controlled crystal oscillator (VCX0) is
multiplied and combined with the signal from the frequency synthesizer
to produce the nominal 6834 MHz resonant rubidium frequency. This
signal 1is applied to the microwave cavity surrounding the Rb 87
resonance cell through which 1light from the rubidium 1light also
passes. The 1ight from the rubidium lamp is filtered so that it
excites the Rb 87 in the resonant cell from the lower level of the
ground-state hyperfine transitiorn to an upper electronic level as
shown in Figure 3B. The atom then decays to the ground-state with an
equal probability of going into either the upper or lower state. After
several pumping cycles all the ground-state atoms are pumped into the

upper hyperfine level. At the Rb 87 resonance, the nominal 6834 MHz




[at sy of

T i Rty o

Chladite. o e 2 0 2

I A b et ad et A e vt o S ) 4

a7

(B) ENERGY LEVEL DIAGRAM

EXCITED STATE -

PHOTON  PUMP -

AF =h:6834 MHz

~—— GROUND STAIE

1
(A)SHEMATIC OF RUBIDIUM ATOMIC CLOCK
it Q=|o7— 3x 107
| :
' Rb LAMP  |RbB7 CELL | |
7 |e83aMHz
MULTIPLIER S I1GNAL
MIXER AMPLIFIER!
y o
[ MODULATION
SYNTHECIZER (PMODULATOR+—OS CILLATCR|- b DETEC TOR
127HZ N
5 Il ‘ L‘
QUTPUT VCXO0 CONTROL
10 MHz OMHz [ JAMPLIFIE R

FIGURE 3 RUBIDIUM ATOMIC CLOCK(REF 7)

10

. R - - U, VU S U S |V I S T e B _A_—J




e

O e EAEAERT A A TTTELT
PR . S e
E PRI

signal causes stimulated emission of Rb 87 atoms from the upper
hyperfine state to the lower hyperfine state, thus increasing the
number of Rb 87 atoms which can absorb the light (photons) from the
rubidium lamp. When the nominal 6,834 MHz signal corresponds to the
Rb 87 atomic resonance, the transmission of rubidium 1ight through the
resonant cell decreases and the output optical power decreases. The
optical output signal from the Rb 87 resonant cell is sensed by the
photo detector and a control signal is developed to steer the frequen-
cy of the voltage-controlled crystal oscillator (VCX0) to achieve
Rb 87 absorption line center. Sensing of the Rb 87 absorption 1line
center is done by varying the nominal 6834 MHz signal by +127 Hz and
determining the change in the optical output signal.

The advantages of the rubidium clock are a high degree of short-
term stability and better long-term stability than the qua“tz clock.
The disadvantage is that the frequency has a weak dependess= on buffer
gas mixture and must be calibrated. Since rubidium clocks use a
quartz oscillator, they must be temperature and acceleration correct-
ed. (See Figure 2 and Table I for a comparision of other data).

The cesium atomic clock is constructed as shown in Figure 4., The
components shown in Figure 4 are all enclosed within a vacuum.
Magnetic shields to eliminate environmental fields and current
conductors to introduce a controlled C field in the interaction region
are not illustrated in Figure 4. The pressure in the cesium clock is

7 to 10'8 Torr. The beam of cesium atoms moves with

typically 10°
a thermal velocity from the atomic source to the detector. The upper
hyperfine state, spin up, is selected by the first state selector

magnet. The atoms then move through a Ramsey type microwave cavity
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where the atoms interact with the microwave radiation. When the input
frequency, fM’ is on resonance the atoms decay to the lower hyper-
fine level. The states are again separated by another state separ- F
ator magnet. The maximum number of stimulated emission transitions,
from the hyperfine level, occurs when the signal frequency is at line
center. This effect is used to control a quartz oscillator as in the
case of the rubidium clock. The upper part of Figure 4 shows the
actual profile which is a function of the length of the interaction
region. This implies that for a fixed velocity the larger the interact-
ion region the higher accuracy. The cesium clock uses an application
of the Stern-Gerlach experiment (Ref 9: 254- 256).

The advantages of cesium atomic clocks are high frequency repro-
ducibility and good long-term stability. The cesium frequency is used
as the world standard. The disadvantages are problems with temper-
ature and acceleration effects. Also, the cesium clock must be
shielded from external magnetic fields. As a result, the cesium clock
is one of the most sensitive magnetometers in existance. For a
comparison of size and other data, see Table I. For a comparison of
accuracy, see Figure 2.

HYDROGEN MASER

Another high accuracy frequency source is the hydrogen maser. The
hydrogen atom has a hyperfine ground-state transition whose resonant
frequency is 1,420 MHz. The first hydrogen maser was built at Harvard
in 1960 (Ref 8: 117). A schematic of the hydrogen maser is shown in
Figure 5. Helmut Hellwig describes the hydrogen maser as follows

(Ref 10: 216).
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"The hydrogen is produced usually by a radio frequency discharge

Lr! from molecular hydrogen. The beam then emerges in a vaccuum, passes a
; state hexapole magnet and enters a quartz vessel whose inside is lined
{. with fluorocarbon coating. This storage bulb is located inside of a
E!i microwave cavity. If the cavity losses are low enough, self-sustained
: oscillations occur and a microwave output is generated." The output
L

electronics is the same as shown in Figure 3A. The output frequency of
I'. a VCX0 is multiplied up to the hydrogen resonant frequency. This
] signal is then scanned across the resonance to determine the center
frequency. The information about the center frequency is used to
?12 generate a control signal, which is applied to the VCXO.

: The advantages of the hydrogen maser are high frequency stability
E (See Figure 2), and very good repeatability. However, presently
ij. hydrogen masers are large and very expensive devices (See Table 1).
CLOCK SUMMARY

The previous sections were intended to give the reader a general

idea of current clock technology. Figure 2 shows that the quartz
clock has good short-term stability but it degrades at longer times
due to aging of the crystal. Rubidium is about an order of magnitude
better than cesium with both clocks' short term performance increasing
as r'i, The hydrogen maser is two orders of magnitude better than
the rubidium clock. Reference 10:221 gives a partial 1list of
researchers working on clocks.
LASERS

Lasers are currently being used for optical and infrared frequen-

cy standards. Both 1linear and ring 1lasers have been frequency

stabilized. A frequency stabilized laser that has more than one output

15
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frequency can beat two optical frequencies to generate a beat frequen-
cy in the 109 Hz range. This is the type of beat frequency used in
the laser clock. This section will describe various stabilization
methods.

LINEAR LASERS

Linear lasers can be frequency stabilized by several methods.
Most methods do not have a frequency control that will allow ultra
iﬁ. high stability. One possible method for high stability is to use a
: two-longitudinal mode 1linear inhomogeneously broadened laser. The
frequency stability can be obtained by balancing the intensity of the

s and p modes (Ref 29). Figure 6A shows a he-Ne laser built with a

—~—

CER-VET cavity. This design uses a balanced discharge to minimize
flow effects. The output is two beams, one with s polarization and

one with p polarization, which is separated by the Nicol prism. The s

i

and p intensities are measured and the difference is set to zero by
means of a piezo-electric transducer (PZT), which adjusts cavity
length. Figure 6B shows a gain curve with balanced intensities

between s and p polarizations.

—rTeey v"?’n‘v

A second technique for laser stabilization is based on the method
of saturated absorption shown in Figure 7. The 1light from the laser

passes through a beam splitter and through a gas cell containing low

an s an BB ey g

pressure methane. The 1light reflects off a mirror and passes back
Ff. through the cell. Then the 1ight reflects from the beam splitter into
a detector. The signal seen by the detector is at a minimum when the

absorption in the cell is at a maximum. The detector signal is used

to control a piezoelectric transducer (PZT) mounted on the rear mirror

of the laser. This method has given good results but the 88 THz
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methane resonant frequency (A = 3.39um) is too high to be used with
T‘ current technology.
Another similiar method is shown in Figure 8. This method uses
an iodine beam source and detects the fluorescence (detector displac-
s! ed) or the absorption (detector in line) of the laser light. The

laser uses argon ions whose output frequency contains the iodine
resonance. The information from the detector pertaining to the
position of the laser linecenter relative to the iodine resonance is
then used to control the path length of the laser. This control is
given by means of the PZT. This device has the problem of running at
583 THz (» = 515nm) which is currently beyond easy electronic access,
but does provide an optical frequency standard.

RING LASER GYROS

The simplest ring laser gyro (RLG) is shown in Figure 9 (Ref 11:
1- 6). The RLG is based on the fact that there is a difference in path
lengths of the clockwise and counter-clockwise beams when the device
rotates. If the gyro rotates clockwise then the clockwise beam has a
longer round trip path length than the counter-clockwise beam. This

shifts the frequency of the beams due to the boundary condition of the

cavity. The beams are optically mixed with the output beat frequency

ha

being linearly proportional to the rotation rate. The beat frequency

between two oppositely traveling beams is given by

Ha 2 M e ia) oL o0 M Ae Sl A Mg

afo = fo, - f =4A Q (2)
LA

L X2 m e A

19




P ——— il R

R

et e

PZT CIRCUIT
$ (DISPL ACE D)
OR
| DETEiTORS
\f i
(LASER)

g
]

PZT (INLINE)

9
Q-2x10
'1/=f5825TF+ZUé)

SOURCE

FIGURE 8 OPTICAL BEAM (REFIO:ZIES)

20




LASER GAIN MEDIUM PZ1

2)52

. M
PHOTODIODE

FIGURE 9 RING LASER GYRO(REFIi:I-G)

21




Cana ama asam

where AfG is the gyro beat freguency, fcw is the clockwise (CW)

frequency, fc is the counter clockwise (CCW) frequency, A is the

cw
enclosed area, L is the circumference, X is the wavelength and @ is
the angular rotation rate (rad/sec) (Ref 11: 1-6). The major problem
with RLGs is lock-in. Lock-in is caused by an energy exchange between
modes due to backscattering. Figure 10 is a plot of the ideal output
frequency as a function of rotation rate. The solid line shows the
ideal condition and the dotted line shows the lock-in band.

There are two types of lock-in compensation techniques: dithered
and non-dithered. This section discribes two dithered and four
non-dithered techniques.

Mechanicial dither is when the laser block is rotated back and
forth at a mechanicial resonance of typically 250 Hz. This is a first
order compensation, because the gyro stills spends an appreciable
amount of time in the lock-in band and the non-linear region. The
second dither technique is based on the use of a magnetic mirror. The
magnetic mirror has a ferromagnetic material below the multilayer
dielectric (MLD) coating which is above the substrate. The magnetic
mirror uses the polar Kerr effect to rotate the plane of polarization.
The magnetic mirror along with the cavity applies an optical bias
which is alternated at about 5 Hz by means of an external electromag-
net. This looks like a square wave correction because the current to
the electromagnet is in the form of a square wave. The mechanicial
oscillation is by nature a sine wave a correction. The magnetic mirror
system allows much less time in lock-in band because the correction
given by the magnetic mirror changes sign in a very short time,

whereas in the mechanicial system the correction gradually changes
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sign. The longer the gyro stays in or near the lock-in region the
greater will be the distortion in the data. Dithered gyros cannot be
used as clocks because there are no stable frequencies.

The second type is referred to as a multi-frequency RLG. The
first multi-frequency RLG used a quartz rotator as quarter wave plate
to give left and right hand circularly po]arized/light. The left and
right hand polarizations are further split by a Faraday rotator. See
Appendix C (Figure 33) for more detail. The frequency splitting
between the left and right hand modes is typically 500 MHz. The
frequency splitting between clockwise and counter-clockwise traveling
modes, given by the Faraday rotator, is typically 500 kHz. Another
method is very similar, but uses a magnetic mirror instead of a
Faraday rotator. The magnetic mirrors need not be dithered in this
case. Any errors due to the magnetic mirror are biased out by taking
the difference between the left hand polarization pair and the right
hand polarization pair. A method using a TEMq,O,O mode and a
TEMq,O,l mode instead of 1left and right hand polarizations is
described in detail in Ref 12. The non-planar cavity method replaces
the quartz rotator with an image rotating cavity. See Appendix B for
more detail. The Faraday rotator is still required in this method.
This is the configuration used in this paper.

LASER SUMMARY

There are several types of linear lasers that could be used for
clock applications. The dithered type of RLG cannot be used as a
clock but the multi-frequency gyro can be. The multi-frequency RLG

can be used as a gyro and a clock simultaneously.
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IV THEORY

The two desirable characteristics of a frequency standard are the
narrowness of the signal in frequency space and the stability of the
center frequency as a function of time. The ultimate narrowness of the
laser clock frequency is determined by the quantum limited Vinewidth.
Laser rate equations must be considered to determine the quantum
limit. The following section covers linewidths in order of increasing
narrowness. The atomic linewidth which determines gain curve of the
laser is discussed first, then the empty cavity linewidth and finally
the active cavity linewidth or the quantum limited linewidth. The
first two will also be important in determining the effects of
dispersion. The section on multimode operation describes the three
ways to obtain 4 mode operation. The Faraday rotator sectior describes
the physics of the Faraday rotator and the effects which cause in-
stebility in the Tinecenter frequency. The section on dispersion
covers other effects which affect the stability of the optical path
length. The clock operation section describes frequencies that were
actually wused 1in the clock. The next section describes the

recommended clock/gyro operation. The final section describes the

recommended method of timing/setting of the laser clock. This method
allows the user to define the output frequency. In summary, this
;‘ chapter covers laser rate equations, quantum limited linewidth,
multimode operation, Faraday rotator, dispersion, clock operation,

recommended clock/gyro operation and the recommended method of

timing/setting.
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RATE EQUATIONS

The rate equation of interest is the photon rate equation. This

equation is given by

AN = KN,-N N+ KN, = /7 (3)

dt

where n is the instantaneous number of photons per cavity mode, N2
is the instantaneous number of atoms in the upper laser Tlevel, N1 is
the instanteous number of atoms in the lower laser level, T is the
cavity photon lifetime, and K is the stimulated emission coupling

coefficient (Ref 31: 421). The ratio B of the spontaneous photons to

stimulated photons is given by

B = E_ N, (4a)
n N2 - N1

8 ='l for N2>>N1 (4b)
n

These equations will be applied in the next section.

LINEWIDTHS

The laser to be considered is a He-Ne laser with a transition in
the visible with a wavelength of 6328A. He-Ne lasers usually are

Doppler broadened. Doppler broadening may result in inhomogeneous

26




broadening of the gain coefficient. The atoms see a doppler shift

according to

vops = Vocll * Vy/c) (5)

where Voc is the frequency seen by a rest atom, Vx is the velocity
component in the direction of photon translation, and ¢ is the veloc-
ity of light in the medium (Ref 4: 92;. The atoms of the gas have a
Maxwellian velocity distribution. The resulting gain curve has a
Gaussian profile. The gain as a function of frequency y(v) is given

by

v () =_E_.( M )} o -(N/ZkT)(C/voc)z(v - voc)z (6)

oc 2nkT.

where M is the atomic mass, k is the Boltzman constant, and T is the

absolute temperature (Ref 14: 93). This can be rewritten as

Y(V) = 2(-“12)& e ‘4]"2(\) - VOC)Z/AVDZ (73)
1
n AvD
where
bvp = 2 Voc 21n2kT (7b)
Mc?
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and Bvp is the Doppler linewidth (Ref 14: 93,94). Taking M = 20

MU for Ne2l

and T = 300 °K, Avy is about 1500MHz. Figure 11
shows a doppler broadened gain curve.
The free spectral range between two longitudinal mode of a linear

optical resonator is given by

VESR = c (8a)
2n11

For a ring laser, the free spectral range is given by

where 1 is the length of a 1linear laser (Ref 14:128), n; is the

index of refraction and L is the circumferencc of a ring laser (Ref

32: 19). The frequency of the qth mode is given by
Vo =9 VEsp (9)
where q is the mode number.

EMPTY CAVITY LINEWIDTHS

The width of the cavity modes in frequency space is given by

Avc = vo/Q (10)
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The Q of a resonator is a measure of the resonator's ability to store
energy. As the Q of the resonator increases the resonator modes narrow
in frequency space and the resonator stores more energy.The Q is given
by

Q= vaoE = vaorc = vao n, (11)

P c[a-(l/])ln/Rle]

where Vo is the frequency of oscillation, E is the stored energy, P
is the circulating power per mode, T is photon lifetime, o is the

average distributed 1loss constant, 1 is the path length, R1 and

R2 are the mirror reflectivities, and Av% is by Eq. 10. A typical

Av% is given by

14
, - 4,74 x 10 Hz = 1.03 x 106 Hz (12)

4.6 x 108

Av

with Q = 4.6 X 102 (Ref 15: 1378).
QUANTUM LIMIT

The quantity that determines the fundamental Tlimit in the
narrowness of the clock frequency is the quantum limited laser line-

width., The quantum limited frequency uncertainty is given by

AvQ(T) = vo/Q tho/ZPT (13)
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where, h is Planck's constant, P is the circulating pcwer per mode,
and 1 is the measuring time (Ref 15: 1377). The quantum limit for the
clock (QLC) is the ratio of the quantum limited linewidth to the clock

frequency. Thus,

OLC = QUANTUM (z) = "2 /g [T (14)
P T

Werock 2

where v is the clock frequency (Ref 30). The beat frequency

clock
used in the laser clock is a beat between two modes (balanced
intensities implied) each having a width AvQ, the resulting root
mean squared (RMS) width is /?qu. Appendix A gives two derivations

of the quantum limit.

MULTI-MODE OPERATION

Multi-mode operation is required in the case of the ring laser to
avoid the lock-in region. There are three ways to obtain 4-mode
operation. The first is by the insertion of a quartz quarter wave
plate. If the laser originally had one longitudinal mode, this mode
would split into 2 modes. One mode would be right hand circularly
polarized and one would be left hand circularly polarized. Each mode
contains a clockwise traveling and counter-clockwise traveling compon-

ent. The frequency shift is given by
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c (15)

VSHIFT = S 2 -
n'iL 2n 4n1.L

where ¢ is n/2 for a quarter wave plate and c/niL is the free
spectral range. One polarization is shifted up and one is shifted

down in frequency (Ref 16). The beat frequency is given by

c (16)

4niL

VBEAT = ZVSHIFT =

where VBEAT is the beat frequency between the modes.

The second method is through the use of the non-planar ring laser
cavity as described in Ref 16. The phase shift bcay is now provided
by the cavity. Further information is given in Appendix B on the
physics of the non-planar cavity.

Figure 12 shows the mode structure for both methods of splitting.
The third method 1is shown in Figure 13. This method uses a
longitudinal mode and a transverse mode, each having a CW and CCW
component(Ref 12). The two low intensity modes provide an internally
generated dither effect. This is provided by a non-linear coupling
between the gain medium and the four laser modes. This coupling effect

can reduce or completely elminate the lock-in region.
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FARADAY ROTATOR

A Faraday rotator is an optical device which rotates the plane of
polarization of an incident electromagnetic wave (Ref 17: 71). This
device consists of an optically transparent medium under the influence

of an external magnetic field. The amount of rotation Ao is given

by

bpp = VLFL§| cos 6p (17)

where V is the Verdet constant, L is the distance through the mater-
ial, |B| is the magnitude of the magnetic field , and 6 is the
angle between the external magnetic field and the direction of light
propogation (Ref 18: 299). This phase shift is converted into a
frequency shift by the laser cavity. Each of the four modes has a
different optical path length because the Faraday rotator is a non-

reciprocal. The amount of shift is given by

c ApF (18)
L 2%

where fF is the Faraday frequency shift (Ref 16), see Figure 14 and
Appendix B for a derivation of (18). The stability of the Faraday
frequency shift is given by

ME e AT = (a: + o (n;-1)) T (19)

— = e

fe T
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where fF js the Faraday frequency, AT is the change in temperature,

T is the temperature, o is the temperature coefficient of the
index of refraction and g is the coefficient of expansion of the
Faraday rotator (Ref 19). Further information is given in Appendix C
on the physics of Faraday rotator and the rotator's effect on the

cavity frequency.

DISPERSION

The effect of optical dispersion is to modify the index of

refraction, which changes the beat frequency of a laser by

V beat = “beat ~ Vd,tot (20)

where Ybeat S the empty cavity beat frequency, “‘beat is the
beat frequency with dispersion, and Vd.tot is given by
Vd,tot = Vd,1 * V4,2 (21a)
and
N N (21b)

where Vd. i is the frequency pull-in of mode i , Yo is the center
14

frequency, AvD/Z is the atomic half width at nalf maximum, and
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avy is the cavity linewidth at half maximum. Equation (21b) is a
approximate equation for a Lorentzian lineshape. The He-Ne laser has a
primarily a Doppler broadened 1ineshape which is complicated by having

20 and Ne22

two isotopes Ne whose linecenters are 875 MHz apart.
This is shown in Figure 15. Note that at frequencies higher than
linecenter the mode is shifted down and at frequencies lower than
linecenter the mode is shifted up in frequency. The effect is to pull
the modes closer to linecenter, hence the term frequency pull-in.
There are two curves shown in Figure 15 for two different isotope
mixes. The dispersion of a single mode is not the important quantity
for the clock application. The important quantity is the total
frequency pull-in (2la), which is shown in Figure 16. The stability
of this quantity along with the stability of path length control will

determine the clock stability. The details of the dispersion effect

are in Appendix D.

o CLOCK OPERATIONS
III A ring laser without a Faraday rotator produces a clock frequency

clock given by

Veloek (W) = vq _ vy (22a)

- (22b)
“c1ock(ccw) -

where the two beat frequencies are equal (See Figure 12). A ring

laser with a Faraday rotator produces a clock frequency given by

vc]ock(CN) = VgtV (23a)
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(CCH) = vg - v, (23b)

Yclock
where the CW beat is about 800 KHz higher than the CCW beat due to the
Faraday rotator (See Figure 14). The two optical frequencies are
focused on an avalanche photodiode which detects the 583MHz beat
frequency. The signal is amplified and filtered. The output can be
taken directly or divided by a factor of 120. The clock processing
electronics is shown in Figure 17. The clock frequency generated by
23a or 23b is subject to drift in the Faraday rotator that was given
in equation 19.

RECOMMENDED CLOCK/GYRO OPERATION

The clock frequency drift is due to temperature effects in the
Faraday rotator. This drift was given in (19). The Faraday rotator
temperature sensitivity can be corrected. This is accomplished by the
use of dual detectors as shown in Figure 18. The Faraday stabilized
clock frequency is given by

k(CW) + v k(CCN) (24a)

Yelock = Yeloc cloc

Velock ~ (vq - vp) * (vg - vy) (24b)

When the Faraday effect increases, (v4 - vl) is increased by the
same amount that (v3 - v2) decreases, thus holding a constant sum,
This should allow the clock to reach the quantum limit at Tlonger

times.
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RECOMMENDED METHOD OF TIMING/SETTING

The synchronization of an atomic clock is done by setting it to
an external time reference. Atomic clocks which are frequency stand-
ards only drift by a small amount, typically v  x 10710, To set
the clock, the clock frequency is mixed with the reference and the
beat frequency is the offset. The offset is the amount that the users
clock is off the reference. The user can then use this information to
determine the correct time. The clock usually is not actually adjust-
ed. The known offset is used as a correction term. A transfer
frequency standard can be so far off as to be undesirable because the
correction term should be Ve X 10-8 or better. The laser path length
controller (PLC) provides a degree of tuning but this might either
affect the gyro function or still not be enocugh tuning to reach the
desired frequency. The optimum method of tuning would be a frequency
synthesizer. A frequency synthesizer takes in a standard frequency and
outputs a user defined frequency. The signal would be divided into
two components. The first would be divided down to near 5 MHz. Then
this frequency could be used as the time base for the synthesizer.
This output would then go to the mixer. The synthesizer would produce

a frequency v The second signal would go through

clock - Vdesired
a delay line into the mixer. The mixer output would be the desired
frequency Vg which could be user defined. There are at least
three standard frequencies. This recommended method of setting will
provide a greater flexibility. Figure 19 shows a block diagram of the

required electronics and Figure 19b shows t.e effects of a 1Hz

frequency drift on the output. If the clock frequency drifts the net
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3 - effect is reduced by the count down ratio. Also laser frequency

stability is

Av_ = Avd = Avc/240 (25)

¢ V4 vc/240

Both the laser frequency and the uncertainty in the frequency are

reduced by the count down ratio and thus accuracy is preserved.
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IV EXPERIMENT

The purpose of the experiment was two fold. The first objective
was to measure the frequency stability of the laser clock. In order to
get the highest accuracy results possible all the error sources must
be minimized. Once all controllable error sources have been minimized,
then the frequency stability data will be collected and analyzed. The
second objective was then to determine what error sources where still
present in the best data and what error sources would be of concern in
the future. The experiment was conducted in ten days starting 1 March
82 at the Sudbury, Massachusetts plant of the Raytheon Corporation.
The original plans were to test a dual detector system on an operating
gyro as shown in Figure 18. This approach would avoid errors due to
the sensitivity of the Faraday rotator. However, this praved to be too
costly, so the use of a gyro without a Faraday rotator was considered.
Laser #18 was available without a Faraday rotator. Laser #18 would not
work as a gyro for low rotation rates because of the lock-in phenome-
non., A design was developed to provide a clock output as shown in
Figure 17. This approach minimized the electronics to be developed

and the associated cost.

CLOCK ELECTRONICS

The purpose of the clock electronics is to detect the optical
beat frequency between the laser modes and output a very low noise
electrical signal whose frequency matches the beat frequency. The

processing electronics used in the experiment are shown in Figure 17.
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The laser beam is directed on the avalanche photodiode. The diode
output is a 583 MHz signal with 1 uV peak-to-peak amplitude. The

583MHz signal is then amplified and passed through a 13 MHz bandpass

TwTvS e T LT e
oL T Ci . .

comb filter. The comb filter, filter #1 in figure 17, had 13 MHz

bandpass windows spaced such that over a large range of frequencies

the transmission as a function of frequency looks like a comb. In this
experiment only one window was centered at the laser beat frequency.
Then the signal is amplified to 0.4V peak-to-peak at 583 MHz , which

is output number one. The second output is filtered with a wide

-vvi-\v.

bandpass filter and then divided by 120 to give 4.859 MHz at .4V peak

-to-peak.

EXPERIMENTAL SETUP

The experimental setup shown in Figure 20 was used to measure the

stability of the laser clock fregquency. The laser clock frequency was
compared to an external frequency standard by using a mixer and
measuring the difference frequency using a counter. The counter
measures the frequency for an integration time t and the calculator
uses this data to compute the Allan variance. The laser clock output
was fed to the mixer (HP 10830A), as was the frequency synthesizer (HP
8660C) output. The frequency reference for the frequency systhesizer
and the counter was the Loran C cesium based system. The Loran C is an
aircraft navigation system that uses a central cesium clock. An
experimenter can use a Loran receiver to control a local crystal
oscillator to produce a synchronized local clock frequency. The

filtered output of the mixer is a difference frequency between the
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laser clock and the reference. This provides a low frequency (>100
kHz) output which is easy to count and allows greater accuracy. The
mixer output was fed into the counter (HP 5345A) which was controlled
by the calculator (HP 9825B). The calculator controls the counter and
calculates the Allan variance as given in (1). The calculator outputs
were produced using the printer/plotter(HP 9871). This configuration
provided the highest accuracy system available.

SUMMARY OF EVENTS

The first four days were spent debugging the electronics and
taking supporting data. The days four through eight were spent taking
data on laser serial number #18 with the first day spent in preparat-
ion and days 6 through 8 collecting performance data. The last two
days were used working on laser #68. Table II shows a summary of the

experiment.
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TABLE 11
EXPERIMENT SUMMARY

SECTION DATE ACTIVITY APPROX. AMOUNT OF DATA

1 1-4MAR82 OVER NIGHT RUNS 48 HOURS
WORK ON ELECTRONICS

2 5-8MAR82 OVER NIGHT RUNS 60 HOURS
SHORT TIME RUNS

3 9MAR82  WAITED ON LASER # 68 NO DATA
PREPARATION
4 10MAR82  STEP-UP EXPERIMENT 12 HOURS

TOOK SHORT TIME RUNS

SECTION ONE

To attain the first objective, stated at the beginning of this
chapter, required an initial analysis of the clock output and debugg-
ing phase. The frequency was measured for 100 second integration times
contiguously over the weekend of 27-2u Feb 82. This allowed detection
of short term deviations in the frequency as well as long term trend-
ing. The first activity was to examine the data. Most of the frequen-
cy measurments were within 13 Hz of the mean carrier frequency, but
there were spikes in the data. These spikes were always between 200
and 100 seconds long in time. Several tests were applied to determine

the cause of the spikes.
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The first test was to determine the effect of light on the photo
Ti detector. When the room lights were off, the frequency increased by
20 Hz. The effect of a small amount of light was to reduce the detect-
ors signal to noise ratio which caused false counting. A flashlight
at a distance of 10 cm. totally saturated the diode or the noise
became greater than the signal. The room lights could not have caused
the large frequency seen in the spikes. The Tesla coil, used to start
the laser, produced KHz changes in frequency. A nearby Tesla coil
could have caused the spikes since the laser was not shielded from
electromagnetic interfence (EMI). The laser and detector were covered
by a box which was covered with aluminum foil and grounded. This
provided shielding from both EMI and Tight. The frequency was again
measured overnight and the measured frequency had a standard deviation
of 2.5 Hz for the last 12 hours of the run. There were no spikes

during the last 12 hours of the run.

The second test involved replacement of filter #2 in Figure 17 to
check for proper filter performance. The frequency was again measured
overnight and the measured frequency had a standard deviation of 750
mHz for the last 11 hours of the run. The laser control electronics
were set up to allow remote control of the laser pathlength for a
later dispersion test. The amount of detuning was calibrated using a
Fabry-Perot interferometer. The key remaining error source seemed to
be due to temperature effects. The room air conditioning cycled about
every nine minutes. The output of the laser clock was also cycling
with a period of nine minutes but with a time delay due to the thermal
inertia of the laser block. The equipment was moved to a lab with a

high accuracy temperature controlled oven. Later in the dayv the
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frequency started changing rapidly. This rapid change was not due to
the laser but indicated an electronics failure.

The overnight test on 4 March was a total failure. The problem
was isolated and found to be in the count down chip that reduces the
frequency to near 5MHz(see Figure 17). When the replacement chip was
inserted and bench tested the clock electronics functioned properly;
however, after being reassembed on the laser test stand it did not
function. It was concluded that the Tesla coil had damaged the count
down chips during the laser start up. Due to the problems encountered
with the count down chip, efforts were undertaken to instrument the
583 MHz output #1 of figure 17. The counter being used could not count
the full 583 MHz frequency, directly, so an alternate approach was
selectec to mix the clock output with the reference freauency from a
frequency synthesizer to produce a low frequency output (seé Figure
20).

SECTION TWO

The second part of the first objective, stated at the begining of
this chapter was obtained in the next four days. Once the hardware
problems had been solved the next set of problems were envirnomental.
On day 5 a HP 8660C frequency synthesizer was selected(see Figure 20).
The first Allan variance measurements taken on laser #18 were made on
5 March 82. The laser clock was temperature sensitive as stated in
section one and the frequency stability depended on both temperature
and the stability of the temperature. The best operating temperature
seemed to be +15°C. At temperatures above 31.5°C the laser beat
frequency began self oscillation due to the gyro going in and out of

lock-in. When the gyro is setting still in the lab it measures a
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component of earth rate, however the clockwise and counter-clockwise
irq modes of like polarizations have the same frequency due to lock-in.
lthen vibration of sufficient amplitude is coupled to the instrument
the gyro breaks out of the lock-in region into the non-linear region
! shown in Figure 10. In the non-linear region there is strong mode
: competition and the beat frequency ceases to be stable.
| As a result the long term freqency measurements were far from
i being quantum limited, but the best short term data was not effected
F ' as much because in a short time the frequency did not drift far. The
problem with the data stems from the fact that the table supporting
the oven was not very solid so vibration was being transmitted through
the table to the laser. To solve the vibration problem the equipment
N was moved back to the first lab, which had a granite table but no
:!I oven, If the gyro was rotated by hand the path length control
respondent, because the gyro broke lock-in. This test confirmed that

the problem was due to the laser acting as a gyro and sensing

[
3
‘ rotation.
{F SECTION THREE

This section deals with another hardware problem that had to be

,;,. solved. The vibration effects should have caused only an increase in
r.
s the noise, but there was also a drift of the frequency. This pointed

to a drift in the pathlength control. By using the Fabry-Perot

' interferometer it was discovered that the pathlength control was
drifting even though the test voltage was held constant. The

pathlength control problem could not be solved in the time remaining

so it was decided that measurements should be taken on laser #68.

Laser #68 is an operational 4 frequency RLG. Several components had
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to be changed before laser #68 could be used to provide optimum
output. This was completed early on day 9 and frequency stability

data was taken till the next day.

SECTION FOUR

The frequency stability data taken in this section reached the
objective of the experiment, stated at the begining of this chapter,
in that it was the best data obtainable without modification of the
equipment. Final data was taken on day 10. The number of samples in
each data point was reduced from 11 to 5 measuements, which lowered
the effect of the temperature induced Faraday rotator frequency drift
(about 200 Hz per hour). The last data was taken with an insulated
covering over the laser test stand to increase the thermal inertia.
The idea was to allow the laser to come to equilibrium, but in still
followed the room temperature never reaching an equilibrim. This was
the final data taken. The results section outlines the error sources.
In general the short term performance (1-100mS) was quantum limited
and the long term performance (.1-1000 S) was limited by the drifting

of the induced Faraday rotator fregency.
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V RESULTS

LASER #18

Data from the test of laser #18 is shown in Figure 21. The data
shows improved performance as the experiment proceeded. This was due
to efforts that reduced noise affecting the ring laser as discribed in
the experiment section. The best short term data was quantum limited
for intergration times of 1 msec, 10 msec and 100 msec. However, the
Tonger term data showed increased instability. After using a Fabry-
Perot analyzer to observe all 4 of the modes, it was discovered that
the path length controller(PLC) was drifting, thus causing the problem
in the long-term stability data. Laser #18 had a PLC, that was an
older experimental design with too small a bandwidth in the controller
causing it to lose control. The PLC drift was the reason that addit-
ional testing was done using a state-of-the-art RLG #68. Laser #68
had a Faraday rotator which could not be temperature compensated since
another set of electronics was not available to implement the approach
shown in Figure 18. It was believed that even though Laser #68 was
temperature sensitive, laser temperature drift could be minimized

using a temperature controlled oven and thus obtain better clock data.

LASER #68

The clock test data for laser #68 is shown in Figures 22 and 23.
Figure 22 shows the data sets containing the best data points for

integration times of 1 msec, 10 msec, and 100 msec. Figure 23 shows
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the data sets containing the best data points for integration times of
1 sec, 10 sec, and 100 sec. Figure 24 shows a comparison of the
frequency stability of a HP 10811 quartz oscillator, a HP 5065A
rubidium atomic clock, and a HP 5062C cesium atomic clock. The best
laser clock data falls between data for the cesium and rubidium
standards from 1 msec to 0.3 sec.

ERROR _ANALYSIS

This section covers the two main error sources in the best data
as well as considering other potential error sources. The first
covered is the quantum limited noise which has time dependence of
t'%. The second error source is the drift in the induced Faraday
frequency which has a time dependence of t . Potential error sources
covered are drifting of the laser pathlength, stability of the dis-
charge current, stability of the cavity geometry, and finally noise in
the electronics.

The laser clock frequency stability data shown in Figure 24 for
integration times from 1 to 100 msec is quantum limited. The Faraday
drift starts affecting the data at 0.1 sec and the value of cy(T)
increases. The quantum 1imit was given in (14). The values used were
v = 4.74 X 101% Hz, Yclock = 582.203 MHz, Q = 4.47 X 108, and P =

o
507.3 uW. So the quantum limit is

Quantum limit (t) = 3.20 X 10711 .~} (26)

for Te < T <= Typical drift values of the temperature induced
Faraday frequency shift were on the order of 110 Hz per hour or 30.5

mHz/sec.
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30.5 mHz

Faraday limit = o3 x0mi

(27)
582.203 MHz /2

for t seconds and TS T e The two curves given by (26) and (27)
cross over at about one second. The quantum limit is dominant for
To <1< 0.1 seconds. Both must be considered in the range 0.1 < <t
< 10.0 seconds. The Faraday 1imit is dominant for t > 10.0 seconds.
Figure 25 shows the quantum 1imit given by (26), the Faraday limit
given by (27), and the data. The data agrees very well with the above
theory. There is also a higher frequency fluctuation in the tempera-

ture shown in Figure 26. If the temperature changed by 1 m°K in one

second the effect is as follows

Af = f AT _ .4 MHz 0.001 °K _ 1.33 Hz
T 300.0 °K
Mgtz gkl
T sec Hr
Equation (27) 1ooks like
Faraday limit = -3 M2 T . 6y1079 ,

582.203 MHz /2"

for t in seconds and Te<T <>, If the temperature changes by 1

m°K in 1 msec then the result is
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i;j Faraday limit = 1.6 X 1076 1 ( © in seconds)
js = 1.6 X 1079 1 ( = in millisecond)

The short-term data was affected by the Faraday rotator. The best data
ii is considered to be data taken when the Faraday induced noise was at a
minimun. The best data was quantum limited for 1 - 100 milliseconds
because the Faraday induced noise was less than the quantum 1limit.

The long-term data, greater than one second, always has the Faraday

"Ari‘ L
o e - .

induced drift present; that is to say, even the best long term data

v
b e
M e

shows the Faraday induced drift.

i
e

F@ POTENTIAL ERROR SOURCES
This section will discuss error sources of future concern. These

might be observed as the present error sources are reduced and the

device is made to operate over the temperature range -55°C to +85°C.
The error sources to be covered will be path length control, gain
control, cavity stability and electronics noise.

If a state-of-the-art Raytheon path length control can hold the
laser frequency to within 4,740 Hz or correspondingly the path length
to 25 mA. The result of taking a delta of both sides of (9) is

Afp = q AfBEAT (28a)
¥ and using &f = 4,740 Hz is
&
- Af 4.74 X 103 H
, Mpepar = B = Z = 11.67 mHz (28b)
#‘ q 4.06 X 105
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where Afp is the limit on the PLC, q is the mode number of the

ij cavity, and Afbeat resulting deviation in clock frequency. However,
L

W the frequency is jittering between the limits with a natural frequency
Eﬂf on the order of 103 Hz. This has the effect of reducing this error
i source. This error looks like

3 Afp(t) = AfBEAT sin{wt) (29)

T
P +
.

™~

where AfBEAT = 11.67 mHz and w = 103 Hz.

T,

(T
MAX af (t) = MAX )0 MBEAT sin(wr) dt (30a)
(T
Jo dt
m/w
= Af 'I .
BEAT /O sin (wrt) dt (30b)
m/w
= ~MEaT cos{wr) 0 (30c)
wl

- _ -Af
- = BEAT (cos w - cos 0) (30d)
& . wl
&
-
& - 2%pear (30e)
b wl
Fe
an
3 Therefore, the error do to a state-of-the-art PLC is
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AfE - 2 X 11.67mHz 1 (31a)

f 582.2 MHz X 1 kHz 1

=2 X 1071% 771 (31b)

for Teg ST <™ and t is in seconds. This error source is three
orders of magnitude below the quantum limit at one second. This noise
source also falls off much more rapidly. This error should never be a
problem. However, over a wide range in temperature (-55°C to +95°C)
the PLC electronics might be non-linear and cause a drift,

To minimize the effects of dispersion the gain must be controll-
ed. This requires discharge current control. A typical value of the

discharge current is 5 mA and a deviation from the mean of 50 nA for

a stability, ai/i, of 10'5. This is done by the using of a split

discharge that keeps the two currents balanced. This minimizes gas
flow in the ring. If dispersion becomes a problem the current control
will be a key problem or solution. It could be a solution if the
current could be controlled to counter the effects of dispersion. See
Appendix D for a discussion of dispersion,

The cavity stability has two issues. The first is cavity length
that was covered in the PLC section. The second is effects due to

thermal gradients on the laser body. If the mirror tilts, then the

angle ¢ in (15) ceases to be 90° and there is a shift in the
frequency. This could be a problem in harsh environments but the
enclosed gyro has a thermal time constant on the order of three hours.

If the outside environment changes rapidly the cavity is very slow

67




[
4
1
E

E e

to follow and it is difficult to generate large temperature gradients.
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Also, the zerodur laser body has a very low expansion coefficient.
The final topic is noise in the electronics. If the electronics
adds noise not present in the laser signal, then the stability will be

degraded. As long as the components are military grade and care is

taken during the design phase electrical noise should not be a

- problem.
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d VI SUMMARY AND CONCLUSIONS

T The objective of this research was to establish the feasibility
- and initial technology base for the ring 1laser clock concept.
- Theoretical evaluation was done to determine if currently available
i! ring laser technology could achieve performance levels comparable to
3 the state-of-the-art high accuracy timing sources. Currently available
E ring laser gyro equipment was used with minimum modification to
ﬁ' develop an operating laser clock. Tests were conducted and the results
% analyzed to evaluate performance and determine if the measured accur-
i_ acy was compatible with current needs. Evaluations were conducted to

determine if further effort in the laser clock area was warranted and
to identify areas in which more detailed work should be performed.
State-of-the-art high accuracy timing sources were identified and
available performance compared to current aircraft needs. The state
-of-the-art in laser technology was identified, laser clock design
approaches were developed, and error sources were identified which
would 1imit the laser clock performance. Component level designs of
the laser clock were developed for modification of existing ring laser
equipment to provide a laser clock output. Test equipment was

identified and configured to test the clock without masking the

clock's true preformance by measurement system error. The clock and
test equipment approaches were presented to the Raytheon Company and
due to their interest in the concept, they committed the necessary
resources to support the development with only minor changes to the
design. Raytheon built the clock electronics to be used with one of
their research ring lasers and prepared the test equipment using their

in-house resources. The experiment was conducted at the Raytheon plant
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and the resulting test data was analyzed to determine the laser clock
performance.

Short term stability for periods of 1-100 milliseconds was
determined to be quantum limited by the 1laser 1linewidth under
conditions of constant laser clock temperature and the short term
performance was equal to that of existing precision time standards.
The Faraday rotator induced frequency shift was the predominate error
source for the integration times beyond 0.1 second. These where the
only two error sources observed in the best data. Next generation
laser clock electronic designs were developed to address improved long
term stability and allow identification of additional performance
limiting error sources which are not observable with currently avail-
able equipment.

In conclusion, good short-term stability has been obtained, but
long-term stability needs to be improved. The 1laser clock is a
transfer frequency standard which when used with Global Positioning
System (GPS), Joint Tactical Information Distribution System (JTIDS),
and radar techniques will meet high performance fighter application
requirements without the need for a dedicated precision frequency
standard. When implemented in conjunction with existing RLG systems,
the additional cost of the clock function would be one thousand to
three thousand dollars (depending upon the level of integration) with
reduced life cycle cost compared to having a separate clock and gyro
system., Careful packaging could yield a reduced volume when compared
to separate clock and gryo devices. The multifunction ring laser
gyro/clock could also be used for other applications on missiles,

helicopters and other high performance vechicles. The ring laser clock
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N could be very useful for shipboard applications if the long-term
Eii Faraday drift problem is solved by the recommended approach. The
precision frequency and time standard function could be performed at
reduced life cycle cost with significantly simplified maintenance at
sea since support would no longer be required for two independent
clock and gyro systems using different technology, test equipment and

spare parts.
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VII RECOMMENDATIONS

RECOMMENDATION FOR CURRENT RLG

The temperature sensitivity of the Faraday rotator must be
corrected. The method outlined in the section IV, RECOMMENDED CLOCK
/GYRO OPERATION, of this thesis would eliminate the drift. The
estimated quantum limited performance of the laser clock is shown in
Figure 27. The recommended method for tuning as outlined in section
IV, RECOMMENDED METHOD OF TUNING/SETTING, should be impiemented. This
would provide ease of setting and user defined reference frequencies.

RECOMMENDATIONS FOR FUTURE RLG'S

The clock frequency from a multioscillator with a magnetic mirror
is derived the same way as the multioscillator with the Faraday
rotator. The multioscillator with a quartz rotator instead of the
non-planar cavity could be used as a laser clock . The quartz rotator
approach might be limited by the temperature sensitivity of the quartz
rotator. Another method that could be wused is the TEMq’o’0 and
TEMq’O’1 laser discussed in the theory section, see Figure 13, if

the diode could detect the beat between the strong and weak modes.

The same 1is true for the TEM 0 and TEM 0 also discussed

q,0 q+1,0,
in that section. There are various other types of possible ring laser
clocks, but all have at least four frequencies.

RECOMMENDATIONS FOR OTHER TYPES OF LASERS

The use of a beat frequency between modes for producing a clock
frequency could be used on the lasers shown in Figure 6, Figure 7, and

Figure 8. However, since these are linear lasers they would only
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provide a clock function. There are several types of stabilized linear

lasers that could potentially be used as laser clocks.
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APPENDIX A: QUANTUM LIMIT .

- INTRODUCTION
~ The purpose of Appendix A is to determine the quantum limited
m clock accuracy. The first problem is to determine the uncertainty in

frequency of a photon that was emitted by an excited atom in free

space. The relationship between uncertainty in the photon's energy

and the raditative lifetime of the atom is given by the Heisenburg

uncertainty principle which is given by

AE AT 2 h/4n (32)

where AE is the uncertainty in the photon energy, AT is the time in

which the photon was emitted, and h is Plancks constant.In the single

photon case the energy is given by hv. This gives

AE = hav (33)

where Av is the uncertainty in frequency. The uncertainty relation

P now becomes

. bv 8T 2 1/4n (34a)
- v 2 1/4naT (34b)
L
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! taking AT = (34c)
yields av 2 1/4wTR (34d)
and R is the radiative lifetime.

THE HEISENBURG UNCERTAINTY PRINCIPLE APPLIED TO COHERENT LASER STATES

This part the problem is to determine the uncertainty in frequen-
cy of a laser beam. The energy of the coherent state, a minimum
uncertainty state, is given by

E = nhv (35)

where n is the expectation value of the photon number, and v is the

photon frequency. The uncertainty in the energy is now given by

AE = nh Av + 4n hy (36)

AR ST

where An is the uncertainty in the number of photons (Ref 21: 839).
Ei To determine if one term of the two terms in (36) dominates take
?' one to be equal to zero and then the other. After this is done compare
§? the two results to determine if either approximation is valid. Set the
é‘ second term in (36) equal to zero and use this result in the

M |

uncertainty principle. This yields
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nhavaT 2 h/4n

AvaT 2 1

and using AT = 1

Av 2 1

where rcis the cavity lifetime.

(37a)

(37b)

(37¢)

Set the first term to zero and use this result in the uncertainty

principle. This yields
AnhvAT 2 h/4x

AnvAT 2 1/4x

and assume v = A
2naT
yields AndgAT 2 E__
2nAT 4«
Anag 2 1/2

82

T VDA WS U W W WU TR W W G ST S Sy S e a

(38a)
(38b)

(38c)

(38d)




- T

Pl DAEYEL AN
. f
e [

> —

e

v T,

(uh e Mo sase st S d B - —

where A¢ is the uncertainty in phase. To solve (38d) we use the fact
that for a coherent state, the photon statistics follow a Poisson
distribution (Ref 20: 109). A Poisson distribution has the value of An
given by

an = /o (39)

(Ref 22: 109). The Poisson distribution can be approximated by a
binomial which can be approximated by a normal distribution for
large n . In the case of a laser, n is so large that the Poisson
distribution approximates a normal distribution. The area in the
range utc is 68.27% (Ref 23: 256-258). Then equation (38d) and (39)
yields

Ab 2 1 (40)

From probability theory we know that the relationship between the

standard deviation of the variable x and the variance of x is given

by
o, = YVAR(X) (41a)
Also,
VAR(XzY) = VAR(X) + VAR(Y) (41b)

where oy is the standard deviation of X, and VAR (X) is the variance

of X.
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The purpose of equations (42) to (44) is to determine the
uncertainty in the experimentially measured total phase. The following

should be taken as definitions

an = o (42a)

8¢ = o4 (42b)
VAR(¢T=rc) = 02¢T=r z (A¢T=T)2 (42c)
VAR($1_q) = 02¢T=0 = (867.)2 (42d)

The quantity to be measured is

$1oT © ¢T=Tc = %190 (43)

where ¢rqgp is the total phase in time T Using equation (43) and
(41b) the result is

o

VAR(¢107) = VAR(or.. = é1-0) (44a)

-.;.. c

o

;j_ VAR(47g7) = VAR(6r__ ) + VAR(41.0) (44b)
Cc

t 2 2 (44 )

X A = A _ + Ady_ c

e ¥ror = A1 T M1

b

= .

L Boror = /e + 8eP1og (44d)

0
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and assume that the uncertainty in measuring the phase at time equal
zero is the same as uncertainty in measuring the phase at time equal

Te

Bor.p = B¢ (44e)

A¢T=Tc
this yields BoroT = VZ2h¢ (44f)
Using equation (44f) and (38d) yields

1 (45)
Béror 2

Zn

Equation (43) gives the value of the phase, equation (44d) gives the
uncertainty in the phase and equation (45) relates the phase
uncertainty to n. Equation (45) gives the uncertainty in the measure-
ments of the phase in time Teo The frequency uncertainty is given
by

(46)

T ZTczn
If we sample for a time T = Nrc the number of photons observed is
given by

Nogs = "N = nT/rC (47)

where N is the number of lifetimes. Using (46) and (47) the following

is obtained
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o Auy 2 (48a)
l_:‘ 2
g 2 1% Nogs
1
buy 2 ___1_____ (48b)
,/ 2
2 LS T/TC
1 R
buy 2 \/ (48¢c)
2 L T
Now use
P = nhv/rc (49a)
and
1 _ wy, = €
X LOSS PER PASS (49b)
T Q L

c
where Q is the quality factor, c is the speed of light, and L is the

cavity length (Ref 15: 1376-1377). This yields

w hv (50a)
AwT 2 0
qQ 2PT
or avy 2 Yo hv (50b)
Q 2PT

Figure 28 shows plots of (34e), (37d), and (50b). Equation (50b) is

L e adn o o T Cariiriu it
AR P -SRI AR

larger than (37d) by vn, so for even low power (50b) is going to be

L; the dominate term,

2 SPONTANEQUS PHOTON METHOD

Ei Another way of computing the quantum limit is by means of the
;i spontaneous photon method. In the laser cavity there is one
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EXAMPLE WITH EQUATION
P=314mW — - —(34e)
g Te= | 2‘8]6|9J — — (37d)
v =314X
) " 10 -~~~ (50b)
(M =10
LOG T (SEQ)
-6 -4 -2 O +2 +4 +6
+8 + + + + + t +
+6 t + + + + + +
+4 \ + + + + + +
N\
+2 ¢ \ + + + + +
- \
LOG |
AV O = ~ _ g\j\{ -+ —
Hz S e
.::'. ( )_2 I + R \\*\ + + +
AN
- -4 { s . . AN
?:3.' O~
F o ~
L AN
e -6+ ¢ + + + N\ +
% N N
' -8 41- + \ + + + +
‘e
- FIGURE 28  TIME DEPENDENCE OF
b
L LASER LINEWIDTH
L
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spontaneous photon per mode and each mode contains n photons(see
equation 4b). A spontaneous photon is emitted every cavity lifetime
with a phase that that is random when compared to the beam. The
electric field phasor of a laser beam is shown in Figure 29. We see

that the energy is given by
= (MEN =nE ? = nhy (51)
where Eo' is the electric field of one photon, E is the steady state

energy in the cavity, and n is the number of photons. If a spontane-

ous photon is emitted with a relative phase angle 6 then

L
inl - '
AEo(r‘mS) - JO sin‘g ds EO = _EO__ (52)

™
jde 2
0

is the effective component that alters phase. The change in phase is

given by
Eo'
b, = AEo(rms) = 72 = 1 (53)
vE /n Eo' Y2n
The frequency uncertainty is given by
Aw_rc = 1 (54)
2 ‘tcz n
88
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(REF 20:330)
FIGURE 29 ELECTRIC FIELD PHASOR
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and again using (47) and (48a) gives

AmT = (55)
2t. n T

By using (49a) and (49b) the result is again (50a) or (50b).
INTENSITY FLUCTUATION

The purpose of this section is to prove that the distribution of
photons in a coherent state is a Poisson distribution. This derivation
requires considering both the wave properties and the particle proper-
ties of the photon. Take the initial value of Ei and Ei' as
mE! (55a)
nhv (55b)

™ m
1] [}

where n is the number of photons, Ei is the initial energy of the
coherent laser state, EO' is the electric field of one photon with
frequency v, i is the initial value at time equal zero, f is the final
value at time equal Tes and Ei,fl is the initial/final total
electric field. The effective number of photons in a coherent state
can be defined as the number of photons that would be required to give
the coherent state an electric field of E'. Assume the effective
number of photons is a Poisson distribution with ¢ = vn' . When the

photon number increases by 20 the following occurs

Ef = (n+20)hv (56a)
Ee = {n+2/m)hy (56b)
Ef ;i+(2/ﬁﬁhv (56¢)

and
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E' = J(n+2/n) E’ (57a)
E;' = (/r+1) E,’ for n>>1 (57b)
Ee' = E;' + E' for n>>1 (57¢)

Without making any assumptions consider the case of one spontaneous
photon being added in phase to a coherent state with the same initial

values as given in (55) this yields the result

Ef' = (/n*1) Eo' (58a)
Ef = (n+2/0) hv (58b)

where (58a) is the same as (57b) and (58b) is the same as (56b). This
means that the effect of adding one spontaneous photon in phase with
the coherent state increases the energy of the coherent state by the
2/ during the lifetime of the spontaneous photon e In the quantum
limited case the cavity lifetime is much shorter than the coherence
time, so the phase difference between the spontaneous photon and the
coherent state stays the same. The process of spontaneous emission is
like a radicactive decay and so the statistics of spontaneous emission
are Poisson. Poisson statistics allows of the occurance of either
several spontaneous photons in the cavity or none, but does yield a
mean lifetime of Teo The quantities to be considered are then how
many spontaneous photons are in the cavity at any one time as well as
their phase relative to that of coherent state. The RMS effect of

2

the spontaneous photon on the mode's phase depends on sin“ 6 and so

the RMS effect of the spontaneous photon on the mode's intensity

depends on cosz 8. As shown in (52° the RMS value is the maximum
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value divided by v2. The maximum change in energy that one photon can
cause is 2/n’ so the RMS change is v2n. Finally, to determine the
probability of a specific change in energy, one must consider both the
value of 6 and the number of spontaneous photons which is given by a
Poisson distribution. The RMS value is further reduced by vZ to allow
finite probability beyond the maximum points for one photon. The
effective number of photons in the coherent state is a Poisson distri-
bution, which is shown graphically in Figure 30. The distribution has
a mean value of ng = n+l where n is the steady state number of
photons in the coherent state and a width of ¢ = /n.

The effect of any spontaneous photon on the energy of the coher-
ent state is only during the spontaneous photon's lifetime. Under-
standably, the effect is not cumulative. However, the effect of the
spontaneous photon on the phase of the coherent state is cumulative.
The phase of the coherent state is permanently altered by all the
spontaneous photons that have existed during the observation time rt.

Since the above result is a quantum limited calculation it is

assumed that

4 i3-9 (59)
dt

where id is the discharge current. The amount of fractional change
in the discharge current required to increase the uncertainty in the
effective number of photons in the coherent state by v2' is found as
follows. Assuming that the two effects behave as independent random

variables and the laser medium is not saturated then the following can

be used
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Ai _ an (60)
i n
now using an = Vi yields
pio_ Mmoo 1 (61)
] i n /n

where Ai is the drift in the current. For example if n=108, then (61)
yields 21/1 = 107%. For comparison a good current control can hold

ai/i = 1075, The photons that result due to a drift in current are

o,
.
.

.

stimulated photon and do not increase the quantum limited linewidth.
Fluctuations in the discharge current causes the beat frequency to
drift via dispersion (see Appendix D).

CONCLUSIONS ON THE QUANTUM LIMIT

The results here agree with the results in Ref 15 but not with
the results in Ref 21 or in Ref 33. The problem stems from the dual
nature of the photon. In Ref 21 the photon was treated as a particle.
It was assumed that the laser under consideration had a perfect
current control. This assumption yields the result an = 0 . The

problem here is that the quantity desired is a wave property of the

photon and not a particle property. The result presented here An = Vn

AR

.

is obtained by considering the photon as a wave that was added in

Aiea)

phase to the electric field inside the cavity. Then from that, the

E effective number of photons was inferred. The approach presented here
Ei also yeilds the result that the number of photons when considered as a
; particle is a constant. As stated before, the phase of coherent state
; is permanently altered by every photon but the strength of the coher-
E ent field is only altered during the photons lifetime. Accordingly,
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there is a random walk process occuring in the phase of the coherent
state but not in intensity of the coherent state. At first glance it
seems like a violation of the law of conservation of energy for a
photon to add /n' effective photons to the coherent state. However,
the uncertainty principle says that there will be an uncertainty in
the energy of the coherent state and to a very good approximation the

uncertainty in energy is vn' hv.
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APPENDIX B: NON-PLANAR CAVITY

INTRODUCTION

The non-planar cavity is described in U.S. patent #4,110,045
(Ref 16). The cavity modes alternate polarization states such that
every other mode is right circularly polarized with the in-between
modes left hand circularly polarized(see Figure 31). The cavity
allows only circularly polarized light to oscillate. Both modes
undergo a -90° phase change upon one round trip. Figure 32 shows one
form of non-planar cavity that is an optical equivalent to the laser
used in the experiment.

EFFECTS OF THE CAVITY

The effects of one roundtrip through the laser can be symbolized

as follows

E1 ! El' = -E2 (62a)

m
m
"
m

1 (62b)

where the symbol ! stands for one pass, E1 is the initial electric
field component in the +x direction, E2 is the initial electric
field component in the +y direction, and the prime stands for the
value of E after one round trip. To interpert (62a) start with El,
then make one round trip and the result is El' which is equal to

-E2 . A right hand circularly polarized mode is given by
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FIGURE 3l MODE STRUCTURE
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where w is the angular frequency of wave. The effect of one passage
can be determined by using (62) and (63). The effect of one passage of

a right hand circularly polarized mode is

Erl - (Eln + Ezle-iﬂ/Z) eiZWL/A e-iwt (64)

-

Using (62) to substitute for the prime values in (64) and simplifying

the results in the following

m
[l

= (-EZ + El e'i"/z) eiZWL/A e-iwt (65a)

ALY (E - E, e711/2) (I21L/A -iut (65b)

E (- eiﬂ/z eiZWL/A Er (65C)

where -e'i"/2 = ei"/2 . A left hand circularly polarized mode is

given by
e-iﬂ/Z) e-iwt (66)

E] = (E1 +E2

The effect of one passage on a left hand circularly polarized mode is

m
-—
/]

(Ell + E2' e-iW/Z) eiZwL/A e-iwt (67&)
E]' = (-E2 + El e'iﬂ/z) ei?wL/A e-iwt (67b)

where -e!™/2 o o11/2 o relative phase difference between the

right and left hand components is
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(2aL/x + 7/2) - (2nL/2r - 7/2) = = (68)

so the relative phase is 180°,

The resonant frequency can be computed as follows. First repre-

. sent a RHCP wave as

g;l Ep = R{e,) = e, cos(Bs - wt) - e, sin(gs - wt) (69a)
b and

..

L B, = 2nf/c (69b)
Fi 8 = 21/2 (69¢)
s

where S is along the direction of propagation, w is the angular
frequency, f is the circular frequency, c is the speed of light, and A

is the nominal wavelength. In a planar cavity the resonant condition

is

B, = 27q (70)
and the resonant frequency is

.. C (71)
fo=9__
niL

where q is the mode number. The effect of equation (62) is to give

e ——— TR
Ean okt g s S » S Ra ST ISl i) -3 Ot AnChOl e ST
Lt T T PR PLEPC P R [T R R N TR
o PR .‘-_,’ o el e Lot e Cee . . S

Ep' = Role,') (72a)
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=& cos(-wt + Bs + n/2) - & sin(-wt + gs + n/2) (72b)

Resonance imposes the following condition

BL + n/2

2nq

BL = 27q - /2

and the resonance frequency of

£ = (2nq - 1/2)
ZniL
. c ¢
fr =q__ +_
niL 4niL
[ C
fr = fo +

fi'=q _:i_ + _:i_.
niL 4niL
1 C
f] = fo +
4n1L
So the beat frequency between
= T
Af-fll'fr —_— 2

n.L 2a
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(74a)

(74b)

(74c)
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and for ¢ = #/2

Af= & 2(ns2) = € (77)
niL 2n 2niL

-

Figure 31(A) shows the mode structure for a ring of length L, and

Figure 31(B) shows a non-planar ring of length L . Note that the

non-planar ring has twice as many modes.
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U APPENDIX C: FARADAY ROTATOR

INTRODUCTION
ii The Faraday rotator consists of an optically transparent medium
ﬁf which is under the influence wf an external magnetic field, As
polarized light passes through in the direction of the field, the
plane of polarization 1is rotated. This effect was discovered by
Michael Faraday in 1845 (Ref 24: 587). The amount of rotation o

is given by

vhere ¥ is the Verdet constant, LF_ is the distance through the
material, |B| is the magnitude of the magnetic field and e is the
angle between the direction of light propagation and the magnetic
field (Ref 18: 299). The value of bop is positive when the rotation
is in the clockwise direction when looking in the direction of the
magnetic field. The Verdet constant is a function of wavelength,
temperature and index of refraction of the material.

PHYSICS OF THE FARADAY ROTATOR

The Faraday effect is a magneto-optical effect which is a proper-

ty of the material. The Zeeman effect is a splitting of atomic energy
levels by means of external magnetic fields. The normal Zeeman effect
L has the properties shown in Figure 33, Figure 33a shows that looking
E! parallel to the magnetic field the incident radiation is converted
s
;

into a Right Hand Circularly Polarized mode (RHCP) and a Left Hand
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A SPLITTING OF PLANE POLARIZATION INTO(RHCP +LHCP):
" BIMAGNETIC FORCE ON AN ELECTRON

.C)INDEX OF REFRACTION AS A FUNCTION OF FREQUENCY

FIGURE 33 NORMAL ZEEMAN EFFECT
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Circularly Polarized mode (LHCP) (Ref 25: 694). Figure 33B with
(B=0) shows the centripetal force that holds the electron in orbit

about the nucleus. Normally, this force on an electron is given by
F =m w?/r (79)

and the magnetic force, due to a magnetic flux through the electron's

orbit, is given by

Fa, = B (wttw)r (80)

where Mg is the mass of the electron, w is the circular frequency in
rad per sec, e is the electron charge, and r is the orbital radius

(Ref 24: 694).

The total force, FT s on the electron for B is given by

F

7= FO + FB+ mewzr + eB(wtdw)r (81a)

= Mo (w + 2w)? (Bu<<n) (81b)

where FB- yields the same results except for a minus sign in front

of aw (Ref 25: 694).

The solution to (81) for (Aw<<w) is

Aw = eB/Zme (82a)
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Av eB/41rme (82b)

Equation (66b) yields
6

av = 1.3996 X 100 |B| in Hz (83)
where |B| is the magnitude of the magnetic field (Ref 25: 694).
Figure 33c shows how the index of refraction changes in a dispersive
medium near an absorption line (Ref 26: 196). A dispersive medium is
a medium in which the index of refraction n varies greatly with

wavelength. The dotted curve is for "o at zero magnetic field. The

solid curve 1is n_ and identical ton , but shifted higher in

frequency. The dashed curve is n_ and is identical to "o except

shifted lower in frequency. Near LU the right hand circular
polarized wave has a higner index so it moves slower through the
medium than the left hand circularly polarized wave. The result is a
rotation of the incident plane of polarization through an angle of +a¢
given in equation 78.

The Faraday rotator is used to rotate the plane of polarization
of linearly polarized light. The Faraday rotator can also be used as
a nonreciprocal device in an optical cavity (RLG) because the index of
refraction for the CW beam is not the same as the CCW beam. In a
cavity without a Faraday rotator, the intensity as a function of
frequency looks like Figure 34A (Ref 11: 1-12). The clockwise and
counterclockwise modes have the same frequency. When a Faraday
rotator is inserted, the modes split apart as shown in Figure 34B,
Figures (34A') and (34B') show a block diagram of the cavity optics
without and with a Faraday rotator respectively, and with a quartz

rotator to provide LHCP and RHCP (Ref 28: 5).
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s
;. 107

- . N . L "
“L\-Lk'k"-‘A“_l\"LAA_LA‘_A o




The insertion of a Faraday rotator allows a reduction in cross
energy transfer and increase RLG performance. The amount of the phase

shift is the same for all modes but the sign is different. The phase

is given by
8ppcc = VLB cos 0 = VLB (84a)
bppe = VLB cos w = -VLB (84b)
bo ¢ = VLB cos m = -VLB (84c)
Boicc * VLB cos 0 = VLB (84d)

The frequency in the laser cavity is given by

- c - qc
fRec = 9 * (85a)
("o,r'A"F)] "o,r1
qc - f (85b)
fRC = q C - F
(no,r AnF)] "o,r]
flc =0 ¢ =%+ (85¢)

Lee (85d)

n
L
-n

(ng 1780y Moy

where q is the .node number, ¢ is the speed of light in a vacuum,

No.r is the index of refraction for RHCP,no 1 is the change in
the index of refraction caused by the Faraday rotator, 1 is the

physical path length and fF is given by
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fF.= C© b (86)

in which symbols are the same as before (Ref 16). Note a positive ap
for a RHCP mode increases the frequency and a positive Ap for a LHCP
mode decreases the frequency.

FARADAY ROTATOR

e

The rotator must have anti-reflection coatings to reduce losses.
The surfaces must be normal to the optical axis and the |B| field
parallel to the optical axis.

One problem with the Faraday rotator is its temperature sensi-
tivity. The stability of the Faraday induced frequency shift is given
by

e AT (a; + o (n-1))aT (87)
fe T

where fF is the Faraday frequency, AT is the change in temperature
of the Faraday rotator, T is the temperature, @ is the temperature
coefficient of the index of refraction, and ag is the coefficient of
expansion of the Faraday rotator (Ref 19). The error induced by a

fluctuation in the magnetic field is given by

afp , 4B (88)

109




where AB is the fluctuation of the magnetic field. This error source

was not directly observed during the experiment.
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APPENDIX D: DISPERSION

INTRODUCTION

The effect of dispersion has been described in the theory sect-
ion. The total dispersion 1is wgiven in (2la) and (21b) gives the
frequency pull-in of each mode. The affects of detuning on Vd, tot
are shown in Figure 16. This curve is generated by (2la) with AV% =
500 kHz, and bvp = 2300 MHz.

The stability of the total frequency pull-in is the key limiting
factor for the long term stability. The temperature dependence of the
total frequency pull-in comes from the temperature dependence of the
Doppler broadened gain curve. The next area of concern is how a change
in the total frequency pull-in effects the path length controller, The
final part of Appendix D outlines an experiment that would determine
if there was an ideal operating point at which the total frequency
pull-in could be held constant.

TEMPERATURE EFFECTS

The effects of temperature on the total frequency pull-in are
shown in Figure 35. For different temperatures T', the value of

AvD(T') is given by

AvD(T') = AvD(T) y1'/T (89)
Quantities also used to generate the curves are vy = 2300 MHz,
v, = 500 kHz, and T = 320%K. This yields the result, that for

higher temperatures the dispersion is everywhere lower because the
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FIGURE 35 EFFECTS OF TEMPERATURE
ON FREQUENCY PULL-IN
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gain of the laser medium is lower and the inverse is true for lower
temperatures. The effects of the temperature range 223% to 373°%
on total frequency pull-in is shown in Figure 36. This shows that the
effect of temperature decreases as detuning increases. The dashed
lines represent curves of constant total dispersion. If the detuning
could be controlled, then a system could be designed to hold total
dispersion constant.

The path length controller responds to the same effects that
change the dispersion. When the temperature changes the intensity of
the mode the path length controller to responds. The path length
controller holds the ratio of intensity of the strong mode to the weak

mode constant. This is given by

>1

Low = v0v) = vpy-K I ow” TH1GH (90a)
Y .
Lyign  v{vy) - "THK
—alv- 2
where v(v) = Ke a{v=vy/bvp) (90b)
Yy = B - _E_ In(ryrorar,) {90c)
nil
YTH = Yth/K (90d)
K= (Ny=N)) a2 2(1n2)* (90e)
Bon.2 T
wn;? “spont /nAvD
a = -4 1n(2) (90f)
g = distributive losses(no mirrors) (90g)
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bvp = 2voJ21n2kT/mc2 (90h)
and v is the frequency of the mode, Yo is the gain center, nil is
the average optical path length, riis the reflectance of the ith
mirror, N2 - N1 is the population inversion, A is the wave

length, n, is the average index of refraction, is the time

Tspon
for a spontaneous decay, ILow is the intensity of the low frequency
mode, and IHIGH is the intensity of the high frequency mode. Equa-

tion (90a) becomes

caly, - 2 .
Tow _ e alvy = vo/avp)® - vyy (91)

Yiien  eolvy o vo/vp)? - TTH
where 2 is the frequency of the low mode and vHis the frequency
of the high mode.
Figure 37 shows the effects of temperature on frequency pull-in
for A = 600 MHz. The result of (91) for gy = 0.3, a = -41n2,
dvp(320°K) 2300 MMz, avp(T.) = 2300MHz  ST/T, T, =

1
320.1°K, T2 = 319.9°K are shown for all ten pionts in Figure 238.

The intensity ratios increase with increasing detuning or decreasing
temperature. The vertical distance between 4 and 5 is 9.16 Hz.

However, there are several approximations in equation (21b). Equation
(21b) is an approximate equation for a Lorentzian lineshape. The He-Ne
laser has primarily a Doppler broadened lineshape which is complicated

20 22

by having two isotopes Ne“~ and Ne“™® whose linecenters are 875 MHz

apart. The equation does not allow for laser power at
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Equation (89) is only for a single isotope mixture., Also, (91) does
t‘ not allow for fluctuations in discharge current.
a Figures 37 and 38 show that if the path length controller tracks
the intensity ratio 1.32564 and the temperature goes up 100m°K, then
!. the controller will move to position 10 giving an error of 31.6 Hz
instead of 9.16 Hz. Figure 39 does not reflect an actual calculation
but looks at the reverse effect. If the controller tracks the inten-
sity ratio 1.32500, the total dispersion remains constant. The above
theory gives insight into the problem but is incapable of very accu-
rate predictions due to the approximations.
EXPERIMENT
The following experiment was proposed but not carried out. This
was due to the drift in the Laser # 18 pathlength control and the fact
that there was not time to set up Laser # 68 for this experiment.
The first part of the experiment will generate an experimental

curve for Figure 16 at a fixed temperature to within 15 mPK. Next,

another curve will be generated for a temperature one degree higher.

Rg This is accomplished by inputting the clock signal into the frequency
;;I analyzer while the oven is stabilized at 320%. A data point will
"

ﬁg be taken for many values of detuning A. Then, the oven stabilized at
ETJ 321°¢ and this procedure 1is repeated. Consider the frequency
jf difference between two temperatures at the same detuning

o

' 694,10t = Vd,tot{TLo2") = Vg por(Ty -8")  (92)

;':"' where TL = 302°K, TH = 321°K and A' is the detuning.
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This experiment will allow a comparison of (21) with actual data.
Also, the key consideration is whether Figure 38 or 39 is correct. A
path length controller running with balanced intensities has no
detuning sensitivity, but as the intensity ratio increases the
detuning sensitivity increases. For a value of detuning aA', if the
measured quantity Gvd,tot is larger than calculated, then the path
length control is degrading performance and if the converse is true it
is improving performance.

This experiment would have determined an optimum operating point.
This was be done to characterize the actual system because there may
have been effects never before seen or effects not accurately accourt-
ed for.

If good and bad operating points were observed then the Allan
variance should be measured at these points. This would be to show a
bad point was indeed reducing clock stability and that the converse is
true.

The above experiment was not run. Data taken at a controlled
temperature (:20m°K), did not show the effects of dispersion. However,
these effects might have been hidden by the large drift in the induced

Faraday rotator frequency.
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